We use the LHC Higgs data to derive updated constraints on electroweak-scale sterile neutrinos that naturally occur in many low-scale seesaw extensions of the Standard Model to explain the neutrino masses. We also analyze the signal sensitivity for a new final state involving a single charged lepton and two jets with missing energy, which arises from the decay of sterile neutrinos produced through the Higgs and W, Z boson mediated processes at the LHC. Future prospects of these sterile neutrino signals in precision Higgs measurements, as well as at a future 100 TeV collider, are also discussed.
I. INTRODUCTION
The results of the neutrino oscillation experiments [1] indicate tiny but non-zero masses for at least two active neutrinos, which is so far the only laboratory evidence for the existence of beyond the Standard Model (SM) physics. A simple paradigm that naturally explains the smallness of neutrino masses is the so-called type-I seesaw [2] [3] [4] [5] [6] [7] , which requires SM-singlet heavy Majorana neutrinos (generically denoted here by N ). In the minimal version of the type-I seesaw, as well as its variants, such as inverse [8, 9] , linear [10, 11] and generalized [12, 13] seesaw, the sterile neutrinos, being gauge-singlets, couple to the SM sector only through their mixing with the active neutrinos via Dirac Yukawa couplings (hence the name 'sterile').
In a bottom-up phenomenological approach, the seesaw scale is a priori unknown and can be anywhere between the eV scale and the grand unification scale [14, 15] . In the Large Hadron Collider (LHC) era, a particularly interesting mass range for the sterile neutrinos is the sub-TeV scale, which is kinematically accessible at the LHC energies, thereby providing a unique opportunity to directly test the low-scale seesaw mechanism. The phenomenological aspects of the heavy sterile neutrino production at colliders have been widely discussed; see e.g. Refs. and references therein. The latest experimental search results of the sterile neutrinos in the 'smoking gun' same-sign dilepton channel at the LHC can be found in Refs. [72] [73] [74] .
The success of the sterile neutrino searches at colliders in the same-sign dilepton channel crucially depends on both the Majorana nature of the sterile neutrinos, as well as the size of the active-sterile neutrino mixing parameter, in the minimal seesaw scenario. However, most of these scenarios lead to a suppressed lepton number violation, mainly due to the stringent constraints from neutrino oscillation data and neutrinoless double beta decay (0νββ) [77, 81, 86, 87] . Therefore, it is important to also look for the signals that are not suppressed by the effective lepton number violation in the theory, i.e. applicable regardless of the Majorana nature of the sterile neutrinos. Some examples are opposite-sign dilepton [43, 45, 59, 63, 72] and trilepton [29, 35] decays of W -boson [96] [97] [98] [99] [100] [101] and decays of SM Higgs [102] [103] [104] [105] which are complementary to the direct searches [72] [73] [74] .
In this paper we revisit the sterile neutrino production via the SM Higgs decay in light of the current and future precision Higgs measurements. In particular, the Dirac Yukawa coupling responsible for the active-sterile neutrino mixing and the active neutrino mass also induces the anomalous Higgs decay h → νN , if kinematically allowed. This has two potentially observable effects on the SM Higgs properties: (i) enhancement of the total Higgs decay width, as compared to its SM predicted value, and (ii) enhancement of the Higgs signal strength in certain channels, depending on the sterile neutrino decay, which in turn leads to a suppression of the Higgs signal strength in the other SM channels. Therefore, precision measurements of the Higgs boson properties could yield important constraints on the sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson production and decay at the LHC, followed by the sterile neutrino decay to a charged lepton and W boson, which mimics the
channel, which is largely consistent with the SM expectations, we derive constraints on the active-sterile neutrino mixing parameter V N as a function of the sterile neutrino mass.
Based on this analysis, we also make conservative predictions for the future limits at the √ s = 14 TeV high-luminosity (HL) LHC, as well as a futuristic √ s = 100 TeV hadron collider, such as FCC-hh or SPPC. We find that our limits could be comparable to, or in some cases, better than the current best limits for sterile neutrino masses in the vicinity of the Higgs boson mass. Our study includes two possibilities for the W decay, namely, (i) leptonic mode leading to 2 2ν final state, and (ii) hadronic mode leading to νjj final state.
We find that the leptonic mode has better sensitivity at the LHC, mainly due to the smaller background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows: in Section II we review the decay modes of the sterile neutrino both above and below the SM gauge boson mass scales. In Section III, we discuss the sterile neutrino production in SM Higgs boson decay and analyze the resultant 2 2ν final state to derive constraints on the sterile neutrino parameter space.
In Section IV, we analyze a new final state from the sterile neutrino production, namely, the νjj channel and its discovery prospects at √ s = 14 and 100 TeV hadron colliders. Our conclusions are given in Section V.
II. STERILE NEUTRINO DECAY
We consider the minimal singlet seesaw extension of the SM, where the production and decay properties of the sterile neutrino are governed by its mass and mixing with the active neutrinos. We do not want to go into the specific details of neutrino mass models, but keep our discussion generic, regardless of whether the sterile neutrinos are Majorana or pseudoDirac particles. In this sense, our results are applicable to all low-scale singlet seesaw models with the SM gauge group, including the minimal type-I seesaw [2] [3] [4] [5] [6] [7] , as well as its variants, such as inverse [8, 9] , linear [10, 11] and generalized [12, 13] seesaw.
Due to the active-sterile neutrino mixing, a light neutrino flavor eigenstate (ν ) is a linear combination of the light (ν m ) and heavy (N m ) neutrino mass eigenstates:
where U is the 3 × 3 light neutrino mixing matrix (which is same as the PMNS mixing matrix to leading order, if we ignore the non-unitarity effects), and
N is the active-sterile mixing parameter. The charged-current (CC) interaction in the lepton sector is then given by
where g is the SU (2) L gauge coupling and P L = (1 − γ 5 )/2 is the left-chiral projection operator. Similarly, the neutral-current (NC) interaction is given by
where θ w is the weak mixing angle. Thus, the interactions of the sterile neutrino with the SM gauge sector are all suppressed by powers of the mixing matrix V .
Similarly, the relevant Yukawa interaction is given by
where L and φ are the SU ( For simplicity, we will assume that only the lightest heavy neutrino mass eigenstate (denoted here simply by N ) is kinematically accessible at colliders, and denote the corresponding mixing parameter as simply V N , which is the only free parameter in our phenomenological analysis, apart from the sterile neutrino mass M N . From Eqs. (2), (3) and (4), we see that there are three decay modes for the sterile neutrino, if kinematically allowed: N → − W + , ν Z, ν h, where h is the SM Higgs boson (the only physical scalar remnant of the doublet φ). The corresponding partial decay widths are respectively given by
The total decay width is just the sum of the above three partial widths for each flavor and summed over all lepton flavors. If N is a Majorana particle, the charge-conjugate modes, namely, + W − ,νZ andνh are also allowed, so there is an additional factor of 2.
For M N < M W , none of these two-body decay modes are kinematically allowed. In this case, the sterile neutrino will have three-body decays dominantly mediated by the SM gauge bosons. The corresponding partial decay widths when the off-shell SM gauge bosons decay leptonically, are given by
and the corresponding decay widths when the SM gauge bosons decay hadronically are given
where
+ sin 2 θ w , g R = sin 2 θ w , and the factor 3 in Eqs. (12) and (13) is the color factor. Thus the total decay width for the sterile neutrino with M N < M W is given by
Higgs decay to sterile neutrino giving rise to 2 2ν final state.
In Eq. (14) the factor 2 in the first two terms is due to the two flavors 2 = 1 , whereas the third one is fixed by the heavy neutrino vertex. The factor of 2 in front of the fifth term is taken for ud and cs pairs. The factor of 5 in front of the sixth term is introduced for uu, dd, ss, cc and bb pairs. The overall factor of 3 is for the sum over three lepton flavors. Here we have neglected the lepton masses. For more exact expressions, see e.g. Ref. [89] .
III. STERILE NEUTRINO PRODUCTION FROM HIGGS DECAY
The new Yukawa interaction in Eq. (4) gives rise to a new decay mode for the SM Higgs, h → N ν, if kinematically allowed. Depending on the N decay, we will have different final states. In this section, we will examine the leptonic final states 2 2ν, which can arise from
The corresponding Feynman diagrams are given in Fig. 1 . The important thing to note here is that these final states mimics the SM process h → W W * → 2 2ν, and therefore, enhance the h → W W * signal strength [102] , while suppress the other SM decay modes, with respect to the SM predictions. It is worth mentioning here that the h → W W * channel has the second largest branching fraction (22%) in the SM for M h = 125 GeV and is a good candidate for studying Higgs boson properties.
Before going into the experimental details, we would like to point out that due to the new Yukawa interaction in Eq. (4), the total decay width of the Higgs boson is also enhanced with respect to its SM predicted value:
where Γ SM 4.1 MeV for M h = 125 GeV [106] and
From the LHC studies of Higgs boson off-shell production in gluon fusion and vector boson fusion processes, an upper limit on the total width of the SM Higgs boson of Γ h < 13 MeV at 90% CL has been derived [107] . From Eq. (15), this implies an upper limit on the Yukawa coupling, and hence, on the mixing parameter |V N | 2 . This is shown by the red solid curves in Figure 3 (all panels). With future precision Higgs measurements, this limit could be further improved. For instance, up to 10% precision in Higgs total width can be achieved at a 100 TeV pp collider: Γ h < 1.1Γ SM [108] , which corresponds to a limit on the mixing parameter as shown by the red dashed curve in Figure 3 . A future lepton collider can achieve an accuracy of up to 5% [109] (2.5% with the luminosity upgrade [110] ).
We can obtain a better limit on the mixing parameter by analyzing the LHC Higgs data in the h → W W * → 2 2ν channel, which are largely consistent with the SM predictions and do not allow a significant deviation. The experimental analyses in this channel have been performed by both CMS and ATLAS with full √ s = 8 [111, 112] and early 13 TeV LHC datasets [113, 114] . For concreteness, we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra contribution from h → νN → 2 2ν.
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For this we implement our model in the event generator MadGraph5-aMC@NLO [117] . The showering and hadronization of the events were performed with PYTHIA6.4 [118] bundled in MadGraph with anti-k T algorithm, while the jets are clustered using FastJet simulation [119] . The hadronic cross-sections have been calculated using the CTEQ6L1 parton distribution functions (PDF) [120] . We use the hadronized events in Delphes [121] to simulate the detector response. The event selection criteria are chosen following the cut-based analysis in Ref. [112] .
In our analysis, we have four different mass regions for the heavy neutrino, as given in Table I . When M N < M W (region 1), the produced heavy neutrino will have three-body decays to 1¯ 1 ν (mediated by both W and Z bosons), 1¯ 2 ν (mediated by W ), and ν 2¯ 2
(mediated by Z). When M W < M N < M Z (region 2), the three-body decay of the heavy neutrino will contribute to ν 1¯ 1 and ν 2¯ 2 (mediated by the Z boson), whereas the W -boson mediated process N → 1 W → 1 2 ν is a two-body decay. Similarly, when M N < M h , the Higgs boson decays into on-shell N ν through the Dirac Yukawa coupling given in Eq. (4).
1 One can also use the h → ZZ * → 2 2ν channel [115, 116] to derive similar constraints.
Region
Mass range On the other hand, for M N > M h , the heavy neutrino behaves as an intermediate-state
propagator in the process pp → h → νN → 2 2ν.
In this analysis, we have three types of events for the ¯ νν depending upon the lepton (vii) Transverse mass 2 m T : Here we just illustrate a few relevant distributions in Fig. 2 , namely, the invariant masses of the dilepton+MET and lepton+MET events for a typical value of M N = 100 GeV. As expected, the dilepton+MET distribution peaks around the Higgs boson mass, which is one of the main features of the signal not exhibited by the background.
After imposing the selection cuts from ATLAS listed above, we calculate the yield of events from the detector simulation for the three different final states (OSSF and OSOF)
to compute the corresponding bounds on the square of the light-heavy neutrino mixing parameter as a function of the heavy neutrino mass:
where L is the is the integrated luminosity, σ SM h (pp → h) is the SM Higgs production cross section (which is dominantly from the gluon-gluon fusion through a top-quark loop and not affected by the new Yukawa interaction), j, k are flavor indices e, µ, and SM , jk are the efficiencies for the decays mediated by the SM and in presence of the sterile neutrino, respectively, calculated using the selection cuts listed above. For the total width of the SM To derive an upper bound on the mixing parameter, we compute the maximal value of with an integrated luminosity of 3000 fb −1 , we also show the corresponding future limits (blue dashed and dot-dashed curves, respectively).
For comparison, we also show in Fig. 3 various other constraints from both low and highenergy searches for sterile neutrinos. The shaded region is excluded from a combination of the LEP, LHC and electroweak precision data, and lepton flavor violation (LFV). For a detailed discussion of these constraints, see e.g. Refs. [27, 40, 86, 87, [124] [125] [126] [127] and references therein. The future limits from W decay at √ s = 14 TeV LHC [97] and Z decay at FCCee [96] are also shown. For the electron flavor, the most stringent limit is obtained from the non-observation of 0νββ [128, 129] , as shown by the brown solid curve in the top left panel of Fig. 3 . For deriving this limit, we have assumed the heavy neutrino to be Majorana and dominantly contributing to 0νββ [83] . For (pseudo) Dirac neutrinos, this limit does not apply. Similarly, the bob-observation of LFV processes such as µ → eγ [130] put stringent constraints on the mixing combination V * eN V µN , and the future MEG 2 upgrade can improve this limit significantly, as shown in the bottom panel of Fig. 3 . Here we have also included the LFV limits from direct heavy neutrino searches at CMS [74] . 
IV. STERILE NEUTRINO PRODUCTION WITH νjj FINAL STATE
If the W boson produced in the Higgs decay to νN → ν W decays hadronically, it will
give rise to νjj final state, which is complementary to the 2 2ν channel discussed in the last section. Since the hadronic branching ratio of W (67%) is almost three times the leptonic branching ratio (22%, for e, µ combined), the νjj final state is supposed to give a larger signal cross section at the LHC. However, the pure leptonic modes are much cleaner in the hadron collider environment, whereas the νjj channel suffers from a much larger irreducible background, mostly from W W and W Z. Thus, it turns out that the signal sensitivity in the νjj channel is smaller than the 2 2ν channel. Nevertheless, due to the presence of only one neutrino in the final state, the event reconstruction is easier in this case. So this section is devoted to the discussion of this channel.
Apart from its production from Higgs decay mediated by the Dirac Yukawa coupling (4), the heavy neutrino can also be produced at colliders through the CC interaction in Eq. (2) and the NC interaction in Eq. (3), which in turn could contribute to the νjj channel, as shown in Fig. 4 . We include all these processes in our analysis of the νjj signal.
We use the event generator MadGraph5-aMC@NLO [117] to produce the events at parton level and perform the showering and hadronization of the events with PYTHIA6.4 [118] bundled in MadGraph with anti-k T algorithm, while the jets are clustered using FastJet [119] .
To calculate the hadronic cross-sections we use the CTEQ6L1 PDF [120] . The hadronized events are passed through Delphes [121] to simulate the detector response.
The selection cuts used in our analysis for optimizing the signal-to-background are listed below for different center-of-mass energies. For We find that for |V N | 2 = 0.01 (at the edge of the current upper limit), the νjj channel has more than 3σ significance in the mass range M N = 70 − 120 GeV. For smaller |V N | 2 , the signal sensitivity decreases rapidly and for |V N | 2 = 0.003, it cannot reach 3σ for any mass value. Going to √ s = 100 TeV increases the significance in the same mass range, but drops rapidly on either side of this mass range.
V. CONCLUSION
We have studied the sterile neutrino production in Higgs decays mediated by the Dirac Yukawa coupling in the singlet seesaw extension of the SM. This Yukawa coupling, which is responsible for the light neutrino masses in the seesaw mechanism, also induces the Higgs decay h → νN , thus affecting its total decay width, as well as its partial widths in certain channels, W W * in particular. Using the √ s = 8 TeV LHC Higgs data in the W W * → 2 2ν channel, we derive stringent constraints on the active-sterile neutrino mixing parameter in the sterile neutrino mass range close to the Higgs mass. With precision Higgs measurements in the near future, we expect these limits to further improve significantly.
We have also studied a new final state for the heavy neutrino production, namely, νjj from the Higgs and W, Z mediated processes. It turns out that the signal sensitivity in this channel is smaller than the 2 2ν channel, but due to the presence of only one neutrino in the final state, it offers the possibility of a better signal reconstruction. We find that a 3σ significance in the νjj channel is possible for sterile neutrino masses in the mass range between 70 and 120 GeV.
